Developing embryos rewire energy metabolism for developmental processes.
| INTRODUCTION
Central carbon metabolism affects various biological processes, such as cell proliferation and cell differentiation, while exerting housekeeping functions for cellular homeostasis (Pavlova & Thompson, 2016; Vander Heiden, Cantley, & Thompson, 2009) . Coordinating metabolic rewiring with development in a spatiotemporal manner is essential for normal development (Agathocleous et al., 2012; Bulusu et al., 2017; Homem et al., 2014; Miyazawa et al., 2017; Nagaraj et al., 2017; Oginuma et al., 2017; Tennessen, Baker, Lam, Evans, & Thummel, 2011) , in which developmental events are precisely coordinated in time and space. However, it remains to be shown how developing embryos couple energy metabolism with developmental progression.
Mammalian neural tube closure (NTC) accompanies an enhancement of maternal-fetal exchange of gases and nutrients through the placenta owing to the establishment of chorioallantoic branching upon chorioallantoic attachment [embryonic day (E) 8.5-10.5 in mouse] (Arora & Papaioannou, 2012; Zohn & Sarkar, 2010) . We have previously shown that NTC-stage embryos redirect glucose carbon flow into the pentose phosphate pathway, which is regulated by developmental programs (Miyazawa et al., 2017) . Further, developing embryos exhibit an increase in mitochondrial respiration at this stage (Clough, 1985; Clough & Whittingham, 1983; Miyazawa et al., 2017) , which seems to be triggered by the increased oxygen supply to embryos (Miyazawa et al., 2017) . However, epiblast stem cells (EpiSCs), which share common features with embryos before gastrulation (at E5.5-6.5 in mouse), exhibit the Warburg effect. EpiSCs do not engage in mitochondrial respiration even under normoxic conditions (Zhou et al., 2012) , suggesting that in EpiSCs, glycolysis is not coupled to the TCA cycle. This raises an important question as to when and how embryos acquire metabolic plasticity after gastrulation to modulate the entry of glucose into the TCA cycle depending on oxygen conditions.
In this study, we aimed to elucidate when developing embryos after gastrulation acquire the potential to remodel glucose metabolism depending on environmental conditions. To examine metabolic plasticity of embryos, we exposed developing embryos to environmental changes and compared the responsiveness of embryonic energy metabolism before and after NTC. By measuring steady-state ATP levels and imaging with a genetically encoded ATP probe, we showed that embryos undergoing NTC transiently acquire metabolic plasticity required to remodel glucose metabolism in response to altered environmental conditions. Furthermore, imaging with a ratiometric dye for mitochondrial membrane potential (ΔΨm) suggested that glycolysis is coupled with the TCA cycle in the neural ectoderm (NE) and the neural plate border of the non-neural ectoderm (NNE) region. This metabolic plasticity may facilitate rewiring of glucose metabolism during the NTC stage, when developing embryos experience alterations in the intrauterine environment upon placenta formation.
| RESULTS

| NTC-stage embryos show metabolic plasticity in response to the extrauterine environment
Steady-state levels of ATP are determined by the rates of both ATP consumption and production in response to metabolic remodeling of the cells (Chang et al., 2013; Kida et al., 2015; Takubo et al., 2013) .Thus, to investigate the metabolic plasticity of embryos toward the extracellular environment, we measured the steady-state level of ATP in embryos as an indicator of energy metabolism state. Considering that postimplantation embryos develop in a hypoxic environment in utero (Dunwoodie, 2009) , NTC-stage embryos may experience alterations in their surrounding environment, including oxygen conditions, during the dissection processes. We compared the steady-state level of ATP in embryos soon after dissection or after 90 min of ex vivo culture under ambient oxygen conditions (Figure 1a) . Interestingly, E8.5 embryos during NTC showed a significant increase in ATP content after ex vivo culture, although neither E7.5 nor E9.5 embryos did. The increase in ATP content was suppressed by inhibiting glycolysis with a combination of 2-deoxyglucose (2-DG) and glycogen phosphorylase inhibitor (GPI), but not by inhibiting mitochondrial respiration with oligomycin ( Figure 1b) . This result suggests that increased glycolysis underlies the increased ATP level in ex vivo-cultured embryos. Taken together, embryos during NTC transiently acquire metabolic plasticity that enables the modulation of steady-state ATP level depending on extracellular conditions.
| Multiple tissues show metabolic plasticity at the NTC stage
Glucose transporter 1 (Glut1) and glucose transporter 3 (Glut3) are the major glucose transporters that are essential for embryonic development (Ganguly et al., 2007; Wang et al., 2006) . Intriguingly, although expression of Glut1 was fairly evenly distributed among tissues in E8.5 embryos, expression of Glut3 was much higher in the NNE than in the NE and the head mesenchyme (HM) (Figure 1c, d) . Because Glut3 is known to have a higher affinity for glucose than Glut1 (Simpson et al., 2008) , we hypothesized that the extent of increase in ATP levels differs between the NNE and the NE when exposed to the extrauterine environment. To test this, we monitored the steady-state level of ATP in embryos at the tissue level in real time using GO-ATeam2, a | Genes to Cells
genetically encoded cytosolic ATP sensor (M. Yamamoto et al., manuscript in preparation) (De Bock et al., 2013; Nakano, Imamura, Nagai, & Noji, 2011; Nakano et al., 2017) . GO-ATeam2 is a Förster resonance energy transfer (FRET)-based ATP sensor that enables real-time measurement of the steady-state ATP level at single-cell resolution (Figure 1e) . A drastic increase in ATP was observed both in NE and NNE during the first ~30 min of culture (Figure 1e ; Supporting information Movie S1), suggesting that both NE and NNE have the potential to modulate intracellular ATP level depending on environmental conditions at the NTC stage.
| Neural ectoderm increases ΔΨm when exposed to the extrauterine environment
We then examined whether the increased glycolysis was differentially coupled with the TCA cycle between NE and NNE under ex vivo conditions. We have previously shown that exposing NTC-stage embryos to high oxygen concentrations increases the steady-state levels of TCA cycle metabolites (Miyazawa et al., 2017) . In addition, it has been shown that NE is especially susceptible to oxidative stress associated with maternal diabetes compared to other tissues (Sun et al., 2005; Yang et al., 2013) . Thus, we hypothesized that mitochondrial metabolism in the NE and the NNE may be affected differently by the increased glycolysis accompanying environmental changes. To examine this point, we measured ΔΨm by staining embryos with JC-1 dye, a ratiometric ΔΨm sensor. ΔΨm represents an electrochemical proton gradient across the inner mitochondrial membrane, which depends on the activity of the TCA cycle. When E8.5 embryos were stained in vivo (in utero) by directly injecting JC-1 dye into the uterus, NE and NNE showed a low JC-1 ratio ( Figure 2a ). However, when E8.5 embryos were stained with JC-1 ex vivo for 30 min, the NE and the neural plate border in the NNE exhibited a higher JC-1 ratio than that of the other regions ( Figure 2a ). The JC-1 ratio actually reflected the ΔΨm because staining of E8.5 embryos with JC-1 in the presence of the depolarizing agent FCCP decreased the JC-1 ratio in the NE and the neural plate border (Figure 2b) . Interestingly, the increased ΔΨm in the NE was not observed in E8.0 embryos [somite stage (ss) 3-6] before chorioallantoic attachment ( Figure 2c ). This result is consistent with our observation that NTC-stage embryos transiently acquire the potential to adjust steady-state ATP levels to environmental conditions ( Figure 1 ). Thus, although both NE and NNE showed similar metabolic plasticity to modulate steady-state ATP levels, the potential to adjust ΔΨm to the extracellular environment was more prominent in the NE and the neural plate border than in the other regions.
Then, we checked if the increased ΔΨm in the NE was required for the upregulation of ATP level in response to environmental changes. Even in the presence of FCCP, the NTC-stage embryos increased their steady-state ATP level in both NE and NNE when exposed to the extrauterine environment (Figure 2d ; Supporting information Movie S2). This result suggests that the increased ΔΨm is not required for adjusting the steady-state level of ATP in the NE.
| Requirement of ΔΨm for NTC under ex vivo conditions
NTC involves folding and fusion of the neural plate (Nikolopoulou, Galea, Rolo, Greene, & Copp, 2017) , and these processes can be recapitulated in ex vivo culture systems (Massarwa & Niswander, 2013; Nonomura et al., 2013; Yamaguchi et al., 2011) . To address whether increased ΔΨm is required for NTC progression, we used an ex vivo live-imaging analysis technique of NTC (Yamaguchi et al., 2011) . To assess the effect of disrupted ΔΨm on NTC, we cultured embryos with or without FCCP and observed NTC in the hindbrain region. By tracking the distance between the opposed neural folds, we found that FCCP significantly impaired neural plate folding (Figure 3a , b; Supporting information Movie S3). However, zipping of the neural tube in the midline proceeded from the caudal to rostral direction even in the FCCP-treated condition. Thus, the increase in ΔΨm in the NE and the neural plate border is necessary for neural F I G U R E 1 NTC-stage embryos upregulate the steady-state level of ATP in response to the extrauterine environment. (a) Comparison of embryonic ATP content between cultured (for 90 min under ambient oxygen conditions) and noncultured (lysed immediately after dissection) conditions. E8.5 embryos increased ATP significantly after culture, but E7.5 and E9.5 embryos did not (E7.5, n = 9 for noncultured condition, n = 9 for cultured condition; E8.5, n = 6 for noncultured condition, n = 5 for cultured condition; E9.5, n = 11 for noncultured condition, n = 13 for cultured condition; ***p < 0.001; n.s., not significant; Welch's t test). 
| DISCUSSION
In this study, we investigated when embryos after gastrulation acquire plasticity of glucose metabolism, which is required to respond to altered environmental conditions. We found that embryos acquire metabolic plasticity during NTC, which allows them to modulate the steady-state level of ATP in the NE and the NNE upon exposure to the extrauterine environment. The increased ATP level of embryos ex vivo seems to depend on glycolysis. Considering the possibility that ATP level is suppressed by an off-target effect of 2-DG, that is activation of anabolism through PI3K-Akt signaling (Zhong et al., 2008) , further studies are necessary to confirm this point. We have previously shown that developing embryos during NTC exhibit enhanced central carbon metabolism, including glycolysis, the TCA cycle, and the pentose phosphate pathway (Miyazawa et al., 2017) . It is important that, the NTC stage corresponds to the developmental time window when embryos experience alterations in the intrauterine environment upon establishment of the chorioallantoic placenta and the yolk sac circulation (Arora & Papaioannou, 2012; Oka et al., 2017; Zohn & Sarkar, 2010) . Taking these points into consideration, we propose that mammalian embryos during NTC develop the metabolic plasticity needed to adapt to changes in their surrounding environment, facilitating the coordination of embryonic glucose metabolism with development. The steady-state ATP level is determined by the rate of ATP consumption and production. Thus, although ATP imaging with GO-ATeam2 did not show a clear difference in the steady-state level of ATP between the NE and NNE at the NTC stage, the rates of ATP production and consumption may vary between them. For instance, embryonic neuroepithelial cells are characterized by enhanced activities of ribosome biogenesis (Chau et al., 2018) and vacuolar H + ATPase (V-ATPase) (Lange et al., 2011) , both of which contribute to stem cell function. Considering that both ribosome biogenesis and V-ATPase activity consume a significant amount of ATP, the NE may show higher rate of ATP production than the NNE. Further studies should confirm this point. It remains to be elucidated how the acquisition of metabolic plasticity, which is needed to adapt glucose metabolic state to the surrounding environment, contributes to embryonic development at the NTC stage. A simple explanation is that metabolic plasticity facilitates embryonic growth by enhancing the capacity to produce ATP and use nutrients including glucose, amino acids, and fatty acids, all of which are supplied from mothers via yolk sac blood circulation that begins around chorioallantoic fusion stages (Arora & Papaioannou, 2012; Oka et al., 2017; Zohn & Sarkar, 2010) . Another possible beneficial aspect is that it facilitates morphogenesis. This comes from our observation that the ΔΨm, which was upregulated in the NE and the neural plate border of the NNE, is required for neural plate folding ex vivo (Figure 3) . A previous study showed that Slc25a19, a mitochondrial transporter for thiamine pyrophosphate (ThPP), is essential for proper progression of NTC (Lindhurst et al., 2006) . ThPP is necessary for enzymatic functions of mitochondrial enzymes involved in the TCA cycle. Hence, maintenance of ΔΨm might also be required for NTC in vivo. Considering that ΔΨm was not required for sustaining the steady-state level of cytosolic ATP during NTC (Figure 2d ), ΔΨm may affect NTC via regulating biological processes other than ATP production. One possible role of ΔΨm in the regulation of NTC involves mitochondrial ROS production. Mitochondrial ROS level is known to control tissue dynamics by regulating the actin cytoskeleton during Drosophila dorsal closure (Muliyil & Narasimha, 2014) , and thus, ROS production affected by ΔΨm may regulate apical constriction and convergent extension of NE during mouse NTC (Nikolopoulou et al., 2017; Nishimura, Honda, & Takeichi, 2012) . In addition, endogenous levels of ROS may contribute to neuroepithelial development via regulating cell proliferation and cell differentiation, as observed in the later stages (Le Belle et al., 2011) . Thus, the plasticity in ΔΨm may facilitate early development of the central nervous system. However, the responsiveness of glucose metabolism and ΔΨm toward environmental changes can cause congenital anomalies, such as neural tube defects (NTDs). Hyperpolarization of mitochondria upon exposure to high concentrations of oxygen and/or glucose can result in extraphysiological ROS production, which leads to excessive cell death (Green, Galluzzi, & Kroemer, 2014; Mantel et al., 2015) . Furthermore, NTDs associated with maternal diabetes result from excessive cell death caused by oxidative stress (Eriksson, 2009; Yang et al., 2013) . Thus, acquiring the metabolic plasticity of NE around the NTC stages may underlie the vulnerability of embryos to environmental perturbation in utero during NTC (Eriksson, 2009; Morriss & New, 1979; Wilde, Petersen, & Niswander, 2014; Yang et al., 2013) . In conclusion, we showed that developing embryos during NTC acquire metabolic plasticity to tune their energy metabolic state to the surrounding environment, which can underlie both physiological and pathological development of mammalian embryos. How then is the metabolic plasticity of embryos regulated during development in a spatiotemporal manner? It is possible that cell differentiation upon developmental progression alters the responsiveness of cells toward the extracellular environment. We have previously shown that the developmental program directs remodeling of embryonic glucose metabolism at the NTC stage (Miyazawa et al., 2017) . Such alterations in metabolic properties may affect the extent to which embryos exhibit metabolic plasticity. Another possibility is that the metabolic plasticity of embryos is determined by extrinsic factors. Intriguingly, in metazoan cells, nutrient uptake is strictly regulated by extrinsic factors, such as growth factors from other cells or tissues (Palm & Thompson, 2017; Rathmell, Vander Heiden, Harris, Frauwirth, & Thompson, 2000) . Mammalian embryonic development accompanies alterations in growth factors that the embryo is exposed to and requires (Chau et al., 2015) . Hence, one possibility is that the intrauterine environment, defined by a combination of growth factors, determines the metabolic plasticity of embryos. Because recent studies have shown that cellular metabolism can exert instructive roles beyond housekeeping roles in controlling cell signaling (Bulusu et al., 2017; Nagaraj et al., 2017; Oginuma et al., 2017; Pavlova & Thompson, 2016) , elucidating the mechanisms that regulate metabolic plasticity during development will deepen our understanding of how embryos integrate metabolic remodeling into the regulation of developmental programs.
| EXPERIMENTAL PROCEDURES
| ATP assay and JC-1 staining
Pregnant Jcl:ICR mice were purchased from CLEA Japan Inc. All experiments were carried out with the approval of the Animal Experiment Ethics Committee of the University of Tokyo, and in accordance with the University of Tokyo guidelines for the care and use of laboratory animals. Embryos were retrieved from the uterus, and the yolk sac and amnion were carefully removed in prewarmed (at 37°C) dissection medium [OPTI-MEM (Invitrogen) supplemented with 10% FBS (JRH Biosciences) and 1% penicillin/streptomycin (Pe/ St)]. The embryos were cultured under ambient oxygen conditions in OPTI-MEM containing 50% immediately centrifuged (IC) rat serum (Charles River) and 1% Pe/St at 37°C in a 5% CO 2 incubator. The samples were cultured for 90 min for ATP assay experiments, and 30 min for JC-1 (2.5 μg/ml; Molecular Probes) staining experiments. The amount of ATP was determined by ATPlite (PerkinElmer), according to the manufacturer's instructions. The JC-1 ratio images were generated by MetaMorph software (Molecular Devices).
| JC-1 staining in utero
Pregnant mice were anesthetized and JC-1 (25 μg/ml in PBS) was injected by Femtojet (Eppendorf). Embryos were retrieved from the uterus 60 min after injection and observed by a TCS-SP5 confocal microscope (Leica).
| Immunohistochemistry
E8.5 embryos were retrieved from the uterus in cold PBS and were fixed with 4% PFA for 2-3 hr at 4°C. For immunostaining tissue sections, frozen OCT block (Sakura) in which the embryos were embedded was sectioned to a thickness of 8 μm using a cryostat (Leica CM 3050). Immunostaining was carried out as previously described (Nonomura et al., 2013; Yamaguchi et al., 2011) . Primary antibodies used in this study and their working concentrations were as follows: anti-Glut1 antibody (rabbit polyclonal; 1:500; Novus, NB-300-666), anti-Glut3 antibody (goat polyclonal; 1:250; Santa Cruz, sc-7582). Images were taken by a TCS-SP5 confocal microscope.
| Live-imaging analysis
GO-ATeam2 transgenic mice were generated by M. Yamamoto (manuscript in preparation) (Nakano et al., 2017) . For live-imaging analysis of NTC, we used SCAT3 transgenic mice generated in our laboratory (Yamaguchi et al., 2011) . Live-imaging analysis was carried out as previously described (Yamaguchi et al., 2011) . For quantitative analysis of NTC, the distances between the opposed neural folds were quantified from four-dimensional (4-D) datasets by Volocity software (PerkinElmer). To track the temporal changes in distance, morphological features (curvatures) between rhombomere (R) 2 and R3 were used as a landmark.
